Strengths and limitations of this study ► Our study is the first to comprehensively evaluate the appropriateness of the initial prescribed daily dose of non-vitamin K antagonist oral anticoagulant to patients with non-valvular atrial fibrillation in the UK according to the approved European Union drug labels, and the largest of its kind worldwide. ► Our large sample size was derived from two population-based data sources representative of the UK general population, both of which contained data on bodyweight. ► A potential limitation of study is that a small degree of misclassification for renal function and bodyweight may have occurred due to inaccuracies in data recording, which may have affected our findings for a small proportion of patients. ► Potential overdosing may have been overestimated because patients may have split a prescribed standard dose over >1 day.
AbStrACt
Objective To evaluate the appropriateness of the initial prescribed daily dose of non-vitamin K antagonist oral anticoagulants (NOACs) according to label in patients with non-valvular atrial fibrillation (NVAF) in the UK. Overdosing was more frequent for dabigatran (16.9%) than for rivaroxaban (6.6%) or apixaban (3.5%). There was a trend towards dose reduction with increasing renal impairment. Among patients with severe renal impairment, the majority received a reduced dose NOAC: apixaban, 91.1%, dabigatran, 80.0%, rivaroxaban, 83.0%. Conclusion Between 2011 and 2016, the majority of patients starting NOAC therapy in UK primary care were prescribed a daily dose in line with the approved EU drug label. Underdosing was more than twice as common among patients starting on apixaban than those starting on dabigatran or rivaroxaban. Research into the patient characteristics that may influence inappropriate underdosing of NOACs in UK primary care is warranted.
IntrODuCtIOn
Recent years have seen a rapid increase in the proportion of patients with atrial fibrillation (AF) starting anticoagulant therapy with a non-vitamin K antagonist oral anticoagulant (NOAC), replacing use of vitamin K antagonists (VKAs) as leading oral anticoagulant (OAC) therapy, both in the UK, 1-3 and elsewhere in Europe. [4] [5] [6] [7] Decisions to prescribe standard or reduced dose NOACs are made on the basis of specific considerations such as age, weight, renal function and use of specific concomitant medications. Descriptive data show that a high proportion of patients with AF initiating anticoagulant therapy with a NOAC are prescribed a reduced dose, 4 8-10 particularly in Europe, 8 9 with evidence to suggest that many of these patients do not satisfy the necessary dose reduction criteria as specified on the drug labels. [10] [11] [12] [13] [14] [15] In Europe, studies describing the appropriate dosing of prescribed NOACs have been conducted in smaller cohorts 8 12-14 and/or limited to a particular drug, 8 14 and we are unaware of
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any conducted in patients with non-valvular atrial fibrillation (NVAF) in the UK. Therefore, using routinely collected primary care electronic health records (EHRs), we conducted a large population-based study with the aim of evaluating the level of appropriate prescribing (consistency with the approved drug label) of standard and reduced dose NOACs in over 30 000 patients with NVAF initiating therapy with a NOAC between 2011 and 2016. To our knowledge, our study is the largest of its kind among patients with AF in routine clinical practice worldwide.
MethODS

Data sources
We used data from The Heath Improvement Network (THIN) and the Clinical Practice Research Datalink (CPRD)-GOLD in the UK-two similarly structured validated databases of anonymised primary care EHRs representative of the UK demographic. [16] [17] [18] [19] The databases hold clinical and prescribing information entered by general practitioners (GPs) as part of routine patient care, and cover ~5% and 7% of the UK population, respectively. The study protocol was approved by independent Scientific Research Committees (reference SRC 17THIN014 for THIN, and ISAC 17_020R for CPRD). Data collection for THIN was approved by the South East Multicentre Research Ethics Committee in 2003 and individual studies using THIN data do not require separate ethical approval if only anonymised THIN data are used. Similarly, the CPRD has been granted generic ethics approval for individual studies that make use of only anonymised data.
Study population
We identified patients aged ≥18 years with a first recorded prescription (index date) for apixaban, dabigatran or rivaroxaban between 01 January 2011 and 31 December 2016. Patients were required to have been registered with a GP for at least 1 year before their first NOAC prescription and to have at least 1 year prescription history. We subsequently identified patients with NVAF as those with a record of AF any time before the index date or in the 2 weeks after, and with no record of heart valve replacement or mitral stenosis during this time. We excluded patients with a record of deep vein thrombosis, pulmonary embolism or hip/knee replacement surgery in the 3 months before the index date because these could all have been alternative reasons for NOAC initiation. As some practices contribute data to both THIN and CPRD, we included all practices contributing to THIN and those exclusively contributing to CPRD. To identify and exclude duplicated practices, matching of anonymised patient characteristics was applied. 20 21 nOAC study cohorts Three mutually exclusive cohorts were identified based on the first prescribed NOAC (index NOAC) for stroke prevention in AF, either dabigatran (a direct thrombin inhibitor), apixaban or rivaroxaban (both direct factor Xa inhibitors). Edoxaban-another direct factor Xa inhibitor-was only relatively recently approved by the EMA and recommended by NICE (June and September 2015, respectively), therefore we anticipated prescribing levels would not be sufficiently high for robust analysis and thus excluded new users of edoxaban. Identification of the study cohorts is depicted in (online supplementary figure 1 ). Patients who were prescribed two different NOACs on the same day were excluded. Patients qualifying as a new user of more than one NOAC during the study period with different index dates (ie, switchers), were assigned to the cohort of the first prescribed NOAC. Patients were categorised as OAC non-naïve if they had a prescription for any OAC before their index NOAC (or a clinical entry implying previous use of any OAC, warfarin monitoring or international normalised ratio >2), otherwise they were considered to be OAC-naive.
renal function and other patient characteristics
We calculated the daily dose of the index NOAC based on the product instructions (quantity, pack size, number of tablets and posology) for the first recorded NOAC prescription. We also extracted information on patients' age, renal function and weight at the time of the index date, using the most recently recorded values. Patients' renal function was ascertained using the closest valid serum creatinine value to the index date (within the year before) to calculate an estimated glomerular filtration rate (eGFR) expressed as mL/min/1.73 m 2 applying the Chronic Kidney Disease Epidemiology Collaboration equation, 22 but omitting ethnicity because this is not routinely recorded in UK primary care. Individuals with no valid serum creatinine measurement were assigned to a category 'unknown'. Information on lifestyle variables (smoking status and body mass index) was collected using the most recently recorded value/status before the index date. CHA 2 DS 2 Vasc score for stroke risk was calculated according to patients' recorded history of congestive heart failure, hypertension, age, diabetes mellitus and prior stroke/transient ischaemic attack (CHADS score was also calculated because this was assessed in the pivotal studies for the NOACs investigated in this study). HAS-BLED score for major bleeding risk was calculated using recorded history of hypertension, renal disease, liver disease, stroke history, major bleeding or predisposition to bleeding, age >65 years, medication use predisposing to bleeding and alcohol use. We also estimated frailty using an adaptation of a frailty index developed from data recorded in primary care databases, 23 and categorised patients as fit, mildly frail, moderately frail or severely frail.
recommendations for nOAC dosing
We categorised patients as eligible for standard or reduced dose NOAC therapy or ineligible for NOAC therapy (ie, contraindicated) based on all information
Open access in the approved European Union (EU) label for each respective NOAC, adapted to the information recorded in the databases (online supplementary table 1). For the prevention of stroke and systemic embolism in adults with NVAF, the recommended standard dosages according to the EU labels are 5 mg two times per day for apixaban, 150 mg two times per day for dabigatran and 20 mg once per day for rivaroxaban; the recommended reduced dosages are 2.5 mg two times per day for apixaban, 110 mg two times per day for dabigatran and 15 mg once per day for rivaroxaban. Hereafter, for simplicity, we refer to these dosages as 'daily dose'. Dose reduction recommendations for rivaroxaban are based on renal function, while dose reduction for dabigatran considers renal function, age, concomitant medications and other comorbidities. For apixaban, at least two of the following criteria are to be met for dose reduction: ≥80 years, body weight ≤60 kg and serum creatinine ≥1.5 mg/dL. Also, patients with renal impairment creatinine clearance 15-29 mL/min patients are recommended to receive the reduced dose of apixaban. We therefore defined appropriate dosing as a patient being prescribed the correct recommended dose based on the approved EU label. Potential inappropriate dosing was defined as a patient being prescribed a dose not in line with the EU label-this included both underdosed patients (prescribing of a reduced dose NOAC to patients eligible for a standard dose) and overdosed patients (prescribing of a higher dose than recommended or any dose when contraindicated).
Statistical analysis
Patient characteristics were described according to the daily dose of the index NOAC (standard or reduced), using frequency counts and percentages for quantitative variables, and means with SD for continuous variables. For each NOAC cohort, we calculated the percentage of patients appropriately dosed, both overall and according to whether the daily dose of the index NOAC was a standard or reduced dose. For this calculation, patients with missing data on renal function were assumed to have normal renal function, and those with missing data on weight (when analysing apixaban dosing) were assumed to have a weight above 60 kg. To determine if NOAC prescription patterns were influenced by renal status alone, we further evaluated the initial daily dose prescribed according to renal function, categorised as normal (eGFR >50 mL/min/1.73 m 2 ), mild-to-moderate impairment (eGFR 30-50 mL/min/1.73 m 2 ) and severe impairment (eGFR <30 mL/min/1.73 m 2 ). All analyses were undertaken using STATA V.12.0.
Patient and public involvement
This was a descriptive study using routinely collected primary care data in the UK. There was no public or patient involvement in the conception of the research question, the design and implementation of the study, or the writing of the manuscript. A reduced NOAC dose was prescribed in the majority of patients with impaired renal function. Among patients receiving a standard dose, the apixaban cohort had the highest proportion of OAC-naïve patients (55.4% vs 45% for dabigatran and 48.6% for rivaroxaban). Most patients prescribed a standard dose had normal renal function. Among patients prescribed a reduced dose NOAC, the majority were aged 70 years or older and were moderately or severely frail. Bleeding risk (according to the HAS-BLED score) was similar between the three cohorts, and was higher among patients prescribed reduced NOAC doses (mean 2.0, SD 0.9) than among patients receiving standard doses (mean 1.6; SD 0.9). Approximately three-quarters of the patients in each cohort who were prescribed a reduced dose had a high stroke risk index (CHA 2 DS 2 VASc score of ≥4).
Overall appropriateness of index nOAC daily dose Characteristics of patients appropriately or inappropriately dosed in accordance with the drug label can be found in online supplementary table 3. The percentage of patients appropriately dosed, underdosed and overdosed among all patients in each study cohort is shown in figure 1 . The majority of patients (76.9%) starting NOAC therapy were prescribed an appropriate dose; 74.9% of patients on apixaban, 74.4% on dabigatran and 84.2% on rivaroxaban. Underdosing was more frequent in the apixaban cohort (21.6% of patients) than in the dabigatran (8.7% of patients) and rivaroxaban (9.1%) cohorts. Overdosing was more frequent in the dabigatran cohort (16.9%) than in the rivaroxaban (6.6%) or apixaban (3.5%) cohorts. Little difference was seen in the level of appropriate prescribing when analyses were stratified by whether patients had previously been prescribed a VKA (non-naïve) or not (naïve) (online supplementary table 4A-4D).
Appropriateness of nOAC prescription by eligibility to receive a standard or reduced dose As shown in table 2, the majority of patients in the apixaban and rivaroxaban cohorts were eligible to receive the standard treatment dose, 84.9% (9194/10 834) for apixaban and 82.7% (12 608/15 252) for 
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Appropriateness of nOAC prescription among patients prescribed a standard or reduced dose
Among patients starting NOAC therapy on a standard daily dose, the prescription was appropriate for the vast majority of those in the apixaban cohort (97.0%) and rivaroxaban cohort (92.3%), but for fewer patients in the dabigatran cohort (69.8%) (online supplementary figure  2 ). Among patients starting NOAC therapy on a reduced dose, this was appropriate in only 33.4% of patients in the apixaban cohort compared with 78.2% of the dabigatran cohort and 54.7% of the rivaroxaban cohort (online supplementary figure 2) .
Dosing by degree of renal impairment
The daily dose of the index NOAC prescription according to renal function is shown in figure 2 (approximately one in eight patients in each cohort had unknown renal function). In all three cohorts, there was a trend towards dose reduction with increasing renal impairment. Among patients with severe renal impairment (eGFR <30 mL/ min /1.73 m 2 ), most were prescribed a reduced daily dose: apixaban (91.1%, ≤5 mg), dabigatran (80.0%, ≤200 mg) and rivaroxaban (83.0%, 15 mg). However, reduced doses were also prescribed to patients with no evidence of renal impairment, especially among the dabigatran cohort (50.1%, 1634/3259; mostly 220 mg/day) followed by apixaban (26.7% (1968/7291; nearly all 5 mg/day), and least frequently for rivaroxaban (10.3%, 1105/10 699; mostly 15 mg/day) users.
nOAC daily dose over time As shown in online supplementary table 5, among patients with at least 6 months of follow-up and a continuous user of a NOAC at 6 months (ie, no gaps of >30 days between the end of supply of one prescription and the start of the next), the vast majority were prescribed the same dose of the index NOAC at 6 months (95.4% for apixaban, 93.7% for dabigatran and 94.5% for rivaroxaban). Among patients whose were underdosed at the index date and who also had at least 6 months of follow-up, the majority still received an underdosed prescription 6 months after their initial underdosed prescription: apixaban 90.2%, dabigatran 82.0% and rivaroxaban 84.6%. Baseline doses of the index NOAC among patients who were, or who were not, continuous users of a NOAC at 6 months are shown in online supplementary table 6.
DISCuSSIOn
Between 2011 and 2016, the majority of patients with NVAF starting therapy with a NOAC in UK primary care were prescribed an appropriate daily dose based on the approved EU label, according to the information recorded in THIN and CPRD-GOLD. However, notable differences were seen in the level of underdosing between individual NOACs, being more than twice as frequent among patients starting treatment on apixaban compared with those starting on dabigatran or rivaroxaban.
Our study is the first to comprehensively evaluate the appropriateness of the initial prescribed daily dose of NOACs to patients with NVAF in the UK according to the approved EU drug labels, and the largest of its kind worldwide. Also, few other studies have compared levels of potential underdosing and overdosing between individual NOACs. The large sample from two population-based data sources representative of the UK general population is a key strength, as is the fact that all medications prescribed by the GP will have been captured because they are automatically recorded on issue. Another strength is that, unlike other healthcare databases, THIN and CPRD-GOLD contain data on all criteria, including bodyweight, required to make an accurate assessment of appropriate NOAC dosing.
In terms of our study's limitations, we evaluated the dose of the first NOAC prescription issued in primary care and not subsequent prescriptions; however, the majority of patients had continued on the same dose of the index NOAC 6 months after treatment initiation. Additionally, although the very first NOAC prescription may have been issued in secondary care and this will not have been captured in the primary care databases, we believe it is unlikely that the first NOAC prescription issued in primary care would be a different dose to that issued by a specialist with the relevant expertise. A small degree of misclassification for renal function and bodyweight may have occurred due to inaccuracies in data recording, which may have affected our findings for a small proportion of patients. Also, potential overdosing may have been overestimated because patients may have split a prescribed standard dose over >1 day, and likewise potential underdosing may have occurred if patients were instructed to spread out their prescribed medication, although we feel this is unlikely.
Potential underdosing of NOACs has been reported in moderate-to-large studies from the USA, 10 11 as well as in smaller studies from Europe, North America [12] [13] [14] and Israel, 15 with findings indicative of variation in the level of inappropriate NOAC dosing between countries. Using data from 7925 patients with AF in the Outcomes Registry for Better Informed Treatment of Atrial Fibrillation II (ORBIT-AF-II) registry, Steinberg et al, 10 reported that 57% (734/1289) of patients prescribed a reduced dose NOAC did not fulfil the Food and Drug Administration's (FDAs) recommended criteria for dose reduction. A larger administrative claims database study of 14 865 patients with AF initiating NOAC treatment reported a much lower level of underdosing with 13.3% (1781/13 392) of patients Open access with no renal indication for dose reduction receiving a reduced dose 11 ; although other criteria for dose reduction were not assessed. A large administrative healthcare database study in Israel reported very high levels of inappropriate prescribing of low-dose NOACs, occurring in 84% of patients prescribed reduced dose dabigatran, 68% of those prescribed reduced dosed apixaban and 78.5% of those prescribed reduced dose rivaroxaban. It is unclear what factors might underlie the marked difference in findings between studies yet it is clear that inappropriate underdosing is not uncommon. In our analyses, the percentage of patients receiving a reduced dose differed between the individual NOACs, occurring more than twice as frequently among patients prescribed apixaban or dabigatran than those prescribed rivaroxaban. One can speculate that this finding may reflect the criteria for dose reduction for the former two NOACs with respect to apixaban and dabigatran, although it was not possible to substantiate this with the current study design. Studies from Europe have been small but also suggest that underdosing may be more prevalent for apixaban than rivaroxaban. In Germany, Bucholtz et al 8 found that among 268 patients with NVAF starting reduced dose apixaban therapy in 2016, 60.8% did not meet labelling criteria for dose reduction, while in a study of 899 patients with NVAF starting rivaroxaban therapy in the Netherlands, Pisters et al 14 reported that 3.1% received a label-discordant dose. In the USA, Yao et al 11 found that 43% of patients with a renal indication for NOAC dose reduction did not receive a reduced dose, while Steinberg et al 10 found that 32% of NVAF patients eligible for dose reduction according to the FDA approved drug labels received a standard dose NOAC. This is similar to the level of potential rivaroxaban overdosing in our study. Whether differences in levels of inappropriate prescribing between studies relates to differences between study populations or completeness of data in the information sources is unclear, but patients in our study were on average 4 years older than those in the ORBIT-AF-II registry (75 vs 71 years) and previous gastrointestinal bleeding was more frequent (14% vs 4%).
Inappropriate dosing of NOACs has concerning clinical implications because patients may not receive the benefits of the recommended NOAC dose in protecting against stroke and systemic embolism. Data from the ORBIT-AF-II registry suggest that patients receiving an inappropriately reduced NOAC dose have less favourable outcomes in terms of thromboembolic events and death. 10 Yao et al 11 found that among apixaban-treated patients with no renal justification for dose reduction, those receiving the reduced dose had a significantly higher risk of stroke with no significant change in the risk of bleeding when compared with those receiving the standard dose. Reasons why GPs prescribe reduced NOAC doses to patients with no justification for dose reduction are unclear. It is possible that NOAC-related bleeding may be more concerning to physicians than reduced stroke prophylaxis. Although, contrary to expectations, Steinberg et al 10 found that patients inappropriately prescribed a reduced dose of a NOAC were significantly younger and had lower bleeding scores than those appropriately dose reduced. In our study, we saw a trend of dose reduction with worsening renal function. In addition, the majority of patients started on a reduced dose NOAC were moderately or severely frail. It is therefore possible that some GPs are exercising caution among patients with renal function values close to the qualifying cut-offs and/or among frail individuals. For apixaban, being close to the cut-offs for age and bodyweight could also influence prescribing In the study by Bucholtz et al 8 there were 163 apixaban patients who received a reduced dose despite being eligible for the higher dose, and among these a substantial percentage met either only one (57.1%) or no (42.9%) dose-reduction criteria, with these patients more often having ages, weights and serum creatinine levels close to the cut-off values compared with patients prescribed an appropriate dose. In our study, the majority (73.1%) of patients inappropriately prescribed a reduced dose of apixaban met only one dose reduction criteria. Our findings also pointed to some potential overdosing of NOACs, which has been shown by others to increase bleeding risk. 11 Notwithstanding our study's limitation in assessing overdosing, the possibility of overdosing prescribing habits among some UK GPs cannot be excluded.
Our findings underscore the importance of monitoring the prescribing of NOACs in the postmarketing period. Research is warranted into reasons for the inappropriate prescribing of reduced and standard dose NOACs in UK primary care, and the patient characteristics that may influence this. Additionally, research is needed into the impact that inappropriate dosing of NOACs has on risks of clinical outcomes, including stroke, systemic embolism and major bleeding in this setting, and ways to improve levels of correct dosing to ensure patients receive maximum benefit from treatment.
